We present measurements of the absolute photoionization cross section of the neonlike Si 4+ ion over the 110-184 eV photon energy range. The measurements were performed using two independent merged-beam setups at the super-ACO and ASTRID synchrotron-radiation facilities, respectively. Signals produced in the photoionization of the 2p subshell of the Si 4+ ion both from the 2p 6 1 S 0 ground state and the 2p 5 3s 3 P 0,2 metastable levels were observed. Calculations of the 2p photoionization cross sections were carried out using a multi-configuration Dirac-Fock code. They give results in good agreement with the measured spectra. Comparison with other available theoretical results is also presented.
I. INTRODUCTION
The understanding and modeling of matter in the plasma state, whether natural or artificial, requires the knowledge of many atomic data. For example, the absolute photoionization cross sections of neutrals and ions and the energies and oscillator strengths of discrete transitions are needed for the determination of plasma opacities and plasma diagnostics, respectively. Large international collaborations motivated particularly by astrophysical needs, such as the Opacity Project ͑OP͒ ͓1͔ or the Iron Project ͓2͔, have endeavored to calculate these data for an extended range of ionic species, using the R-matrix model to describe electron correlation effects. Atomic databases ͓3͔ provide key data for a wide range of users and require experimental data providing, in particular, absolute cross sections to facilitate bench marking of the various theoretical approaches.
To obtain experimental values to test the validity of the theoretical predictions requires the production of highdensity ionic targets at the site of high-flux photon sources. Plasma sources can be used for both purposes and a range of relative photoabsorption cross sections were obtained over many years using the dual laser plasma ͑DLP͒ technique, see for example Refs. ͓4-6͔. More recently with the advent of high-photon fluxes delivered by insertion devices at third generation synchrotron-radiation ͑SR͒ facilities, mergedbeam setups have been developed, allowing the determination of the photoionization cross sections for singly and multiply ionized species on an absolute scale ͓7-10͔. The latest development of short-wavelength free-electron laser ͑FEL͒ sources is opening up new regimes in terms of the interaction of ionizing radiation with dilute atomic and molecular species ͓11-13͔.
Neonlike ions, because of their closed shells in the ground state ͑configuration: 1s 2 2s 2 2p 6 ͒ and significant cosmic abundance have been extensively studied using a variety of theoretical approaches ͓14-21͔. In a study of the low end of the neon isoelectronic series, using a combination of relativistic random-phase approximation ͑RRPA͒ together with relativistic multichannel quantum-defect theory ͑RMQDT͒, it was shown that even for the early series members Ne, Na + , and Mg 2+ the photoionization behavior between the 2 P 3/2 and 2 P 1/2 limits varies quite dramatically ͓22͔. Near threshold photoionization resonances directly affect the inverse process of dielectronic recombination for low-energy electrons and hence can alter the total recombination rates significantly for a diverse range of astrophysical and laboratory plasmas. The important role of inner-shell resonances has been emphasized in a combined experimental and theoretical study of neonlike ions based on DLP photoabsorption data and RRPA calculations, respectively ͓5͔. For Si 4+ , the calculated threshold cross section was more than 1 order of magnitude below that anticipated from an isoelectronic interpolation up to Z = 100. This calculated anomalous behavior in the nearthreshold photoionization cross section was explained as due to the inner-shell 2s → 3p resonance lying just below the ionization threshold for Si 4+ . The RRPA calculations were complemented by a series of DLP experiments for the early members of the sequence up to Si 4+ , which showed clearly that the 2s → 3p resonance for Si 4+ lies at 165.4 eV, below the measured 2s 2 2p 5 2 P 3/2, 1/2 thresholds at 166.7 and 167.2 eV ͓5͔. The plasma experiments nevertheless indicated an asymmetric Fano profile for the 2s → 3p resonance, which was attributed to plasma microfields lowering the ionization limit, resulting in a case of forced autoionization.
Motivated, in particular, by the previous work on Si 4+ , we present here the first results of an experimental study of the absolute photoionization cross section of the Si 4+ ion in the 2p threshold photon region, using the merged-beam photoion setups of super-ACO in Orsay ͑France͒ and ASTRID in Aarhus ͑Denmark͒, respectively. The plasma environment ef-fects just mentioned are not present in synchrotron mergedbeam experiments because of the very low density of ions achieved in the interaction region, compared to plasma experiments. Multiconfiguration Dirac-Fock ͑MCDF͒ calculations have also been performed to identify various features observed in the spectra. The results are compared with all available theoretical data and the above mentioned DLP photoabsorption data.
II. EXPERIMENTAL DETAILS AND RESULTS
Detailed descriptions of the experimental super-ACO and ASTRID setups and procedures used in our merged-beam measurements can be found in Refs. ͓23,24͔, respectively. Both setups are quite similar, with the main differences being that the super-ACO setup is a more compact apparatus, optimized for an electron cyclotron resonance ion source ͑EC-RIS͒. The ASTRID setup, originally designed for use with a singly-charged ion source, is better suited to the determination of accurate absolute photoionization cross sections while the super-ACO facility provides higher ion currents allowing the use of better spectral resolving power. The principal characteristics of the two setups are summarized in Table I .
The experimental details relevant to the present study are now described briefly. The silicon ions were produced, from silane, in a permanent magnet ECRIS driven by a 20 W, 10 GHz microwave power supply. The same source was used for both experiments. After extraction, the Si 4+ ions were selected using a magnetic filter, and merged with the synchrotron-radiation beam. Following the interaction of the two beams in a spatially well defined interaction region, the incident ions were separated from the ions which had gained one positive charge in the interaction ͑the so-called photoions͒ using a charge-state analyzer. The parent ions were collected in a Faraday cup, and the photoions were counted with an electron multiplier detector. The characteristics of the super-ACO SU6 and ASTRID Miyake SR beam lines are also quite similar. Both use an undulator as the photon source which, after monochromatization, delivers photons in the 20-185 eV energy range. Flux is also of the same order for both sources, typically some 10 12 photons/ s in 0.1% bandwidth. In both setups, the photon energy was calibrated using a gas cell and the 3d → 5p lines of Kr ͓3͔ and 2p 1/2 → t 2g line of SF 6 ͓25͔.
The measured photoionization cross sections, as obtained from the variations of the Si 5+ photoion counting rate recorded by the detectors as a function of photon energy, are presented in Fig. 1 . The upper panel shows the super-ACO data, with the light gray indicating the statistical error bars. The lower panel shows the corresponding data obtained at ASTRID.
Although both setups have the capability to determine absolute photoionization cross sections, due to limited beam time it was only possible to measure relative cross sections at super-ACO. These were placed later on an absolute scale by normalization to the ASTRID absolute measurements through a comparison of the spectra between 165 and 175 eV. The total uncertainty in the cross-section values is determined by the statistical fluctuations plus systematic contributions estimated to be of the order of 10%-15% ͓24͔. Above about 180 eV the statistical fluctuations increase rapidly in the data due to the fall off in the photon flux.
Taking into account the difference in spectral resolution ͑see Table I and Fig. 1͒ between the two measurements, we note the good agreement between the two sets of data. The known positions of the Si 5+ 2 P 3/2,1/2 ionization thresholds ͓5͔ are indicated on Fig. 1 by the two black vertical bars. Several strong lines are observed at lower photon energies. They are the signature that Si 4+ ions in the 2p 5 3s 3 P J=0,2 metastable levels are contributing to the photoionization spectra, despite their high excitation energy of around 104 eV ͓3͔. These excited ions are produced in the ECRIS and have a lifetime long enough ͑8.9 ms for the J = 2 level and 1.4 s for the J = 0 level ͓26͔͒ to remain appreciably populated in the interaction chamber. The ionic target beam was therefore a mixture of ions in the 2s 2 2p 6 1 S 0 ground and 2s 2 2p 5 3p 3 P 0,2 excited states, respectively. We have also checked there was no contamination of the target due N 2+ ions by looking for N 3+ photoion signals while keeping the same ECRIS condi- 
III. CALCULATIONS
Ab initio calculations of the photoionization of Si 4+ were performed to interpret the experimental spectra, using the MCDF code developed by Bruneau ͓28͔. For photoexcitation, 281 levels constructed from the configurations: 2p 5 3s, 2p 4 3s ns and 2p 4 3s nd, with n =3-6 were included. Photoexcitation cross sections from the levels of the 2p 5 3s configuration were computed assuming Lorentzian profiles with 10 meV full widths at half maximum ͑FWHM͒ for the shape of all excitation lines present in the experimentally investigated photon energy range. The theoretical results were then convolved with a Gaussian function with a constant value of 1 eV FWHM to account for the finite experimental resolution.
For the direct photoionization cross section for Si 4+ ion in the ground state, only the final Si 5+ 2p 5 configuration was considered and the cross section was calculated at a regular interval of 0.5 eV on the photon energy scale. The length form of the electric-dipole operator was used for all the present cross-section calculations. The total photoionization cross section was obtained as a sum of the ground-and excited-states cross sections, neglecting possible interference terms.
IV. ANALYSIS AND COMPARISON WITH THEORY
The comparison of our theoretical results with the experimental spectrum recorded at super-ACO is shown in Fig. 2 . The upper panel shows the super-ACO data of Fig. 1 without the statistical error bars, the second panel shows the calculated theoretical synthetic spectrum and the lower two panels show the MCDF results ͑ 3 P 2 and 3 P 0 , respectively͒ before summing and convolving for the experimental resolution. To construct the theoretical synthetic spectrum th , we used a weighted sum of individual total photoionization MCDF calculated cross sections ͑ 2S+1 L J ͒ following the equation,
The cross section for the 1 S 0 , multiplied by the relative population ͑89%͒ of ions in the ground state, is shown as the dashed curve on the second panel of Fig. 2 . The relative population of ions in the two metastable levels was estimated at 11% by comparing the experimental and calculated spectra for the area under the line at 148.2 eV. Subsequently, the individual contributions of the metastable levels were calculated, assuming that their populations were in the ratio of their statistical weights. This procedure brings the super-ACO and the synthetic MCDF spectra into good agreement, allowing us to suggest assignments for the observed lines. The proposed identifications are given in Table II , together with the calculated and measured positions and the oscillator strengths of the lines observed below the ionization thresholds. All arise from resonant photoionization of the 3s subshell in the metastable ions following the processes:
From the experimental values, the oscillator strengths were extracted from the areas under the lines following the equation ͓29͔:
and subsequently dividing by 0.11 to correct for the population of the metastable levels. Due to the limited experimental resolution, they are the sum of several transitions from the two initial levels. To compare the theoretical and the experimental values, it is necessary to calculate for each line the sum of the corresponding theoretical oscillator strengths weighted by the statistical weight of the initial level. Figure 1 also provides evidence for resonant structures just above the 2p photoionization limits. These can also be accounted for in terms of the MCDF calculations as shown in the synthetic spectrum ͑second panel in Fig. 2͒ which includes both ground-state and excited-state photoionization and the bottom two panels of Fig. 2 where the unconvoluted calculations are shown for the discrete resonances arising from the excited state. The broad structures in the experimental data map fairly well onto groupings of resonances in the MCDF results. In view of the statistical error bars in the experimental data ͑Fig. 1͒ and the density of lines in these regions arising from the MCDF calculations we do not estimate their oscillator strengths but a detailed listing of the MCDF calculated lines is provided in Table II. The observations for the above threshold region are of particular interest. In Fig. 3 we show an expanded view of the super-ACO data in the region of the photoionization limit, together with the results of various theoretical calculations identified in the figure caption. All the theoretical calculations ͓15,18,19,21,30͔ give results agreeing closely for the magnitude of the above threshold cross section, arising from the description of the direct photoionization process,
This agreement between the different approaches, and with the experimental data within their uncertainties, is evidence of the weak role of electron correlation effects for this process in the energy range considered here. The various theoretical results were obtained for Si 4+ ions in the ground state only. In the R-matrix calculations of Ref. ͓5͔, the cross sections for ions in the 2p 5 3s 3 P 0,2 levels were also calculated but, as they do not include the inner subshell 2p excitations, they are not shown on Fig. 3 . The R-matrix results were convolved with a Gaussian width of 1 eV in order to simulate the super-ACO experimental conditions. The number in parenthesis gives the uncertainty on the last figure.
The main differences between the various theoretical calculations relate to the predicted positions of the ionization thresholds, calculated by the R matrix of Ref. ͓15͔ and the MCDF code ͑current work͒ to be lower by 1.5 eV than the tabulated values ͑166.77 and 167.40 eV for the 2 P 3/2 and 2 P 1/2 thresholds ͓3͔͒. The most recent relativistic R-matrix calculations give thresholds too low by more than 3.3 eV ͓21͔ while the calculated value from the RRPA results is about 169.8 eV ͑see Fig. 2 The importance of accurately calculating the positioning of inner-shell resonances with respect to the onset of the outer-shell photoionization limit was stressed in Sec. I, as the relative energy positioning determines the calculated nearthreshold cross-section behavior. Figure 3 illustrates the theoretical challenge in the context of the Si 4+ inner-shell 2s 1 S 0 → 3p 1 P 1 resonance. The different calculations predict the position of the inner-shell transition, alternatively below ͓5,21͔ or above the ionization thresholds ͓15͔. It is this transition which is responsible for the strong line occurring at 167 eV in the R-matrix calculated data of Fig. 3 . Whereas the 2s 1 S 0 → 3p 1 P 1 resonance is clearly evident in the DLP experiments of Ref. ͓5͔, because it lies below the Si 4+ photoionization threshold it cannot give rise to a signal in the photoion experiment, unless the energy width of the resonance is sufficiently broad to overlap the limit.
The MCDF calculation for the 2s 1 S 0 → 3p 1 P 1 resonance places it at 166.36 ͑with the next member of the series ͑2s 1 S 0 → 4p 1 P 1 ͒ at 191.6 eV͒. As remarked in the introduction, the RRPA calculations predict the 2s 1 S 0 → 3p 1 P 1 resonance to be the cause of an anomalously low value of the direct photoionization cross section at threshold ͑see Fig. 3͒ through the coupling of the 2p and 2s ionization channels ͓5͔. Unfortunately, our experimental spectra lack the spectral resolution to critically test this prediction.
V. CONCLUSION
We have measured the absolute photoionization cross section of neonlike Si 4+ ion in the 110-180 eV photon energy range. The measurements were performed using the two independent merged-beam setups of the super-ACO and ASTRID synchrotron-radiation facilities. Signals produced in the photoionization of the 2p subshell of Si 4+ ions both from the 2p 6 1 S 0 ground state and the 2p 5 3s 3 P 0,2 metastable levels were observed. The data are in good agreement with calculations and the measured position of the ͑unresolved͒ 2p photoionization limits at 167 eV agrees within the experimental errors with the previously determined values of 166.77 and 167.40 eV. The results confirm that the innershell 2s-3p resonance lies below the outer-shell 2p photoionization limit but the 1 eV experimental spectral resolution prevents the detailed onset of ground-state photoionization to be determined. The photoion data also provide the first observations of several resonances arising from photoionization from the excited metastable 2p 5 3s state, leading to estimated oscillator strengths and a comparison with detailed MCDF results which provide assignments. 
